S, Ecelbarger CM. Reduced ENaC activity and blood pressure in mice with genetic knockout of the insulin receptor in the renal collecting duct. Am J Physiol Renal Physiol 304: F279 -F288, 2013. First published November 28, 2012 doi:10.1152/ajprenal.00161.2012.-To elucidate the role of the insulin receptor (IR) in collecting duct (CD), we bred mice with IR selectively deleted from CD principal cells using an aquaporin-2 promoter to drive Cre-recombinase expression. Young, adult male knockout (KO) mice had altered plasma and electrolyte homeostasis under high-(HS) and low-sodium (LS) diets, relative to wild-type (WT) littermates. One week of LS feeding led to a significant reduction in urine potassium (K ϩ ) and sodium (Na ϩ ) excretion in KO, and a reduction in the ratio of Na ϩ to chloride (Cl Ϫ ) in plasma, relative to WT. HS diet (1 wk) increased plasma K ϩ and reduced urine Na ϩ to Cl Ϫ ratio in the KO. Furthermore, KO mice had a significantly (P ϭ 0.025) blunted natriuretic response to benzamil, an epithelial sodium channel (ENaC) antagonist. Western blotting of cortex homogenates revealed modestly, but significantly (ϳ15%), lower band density for the ␤-subunit of ENaC in the KO vs. WT mice, with no differences for the ␣-or ␥-subunits. Moreover, blood pressure (BP), measured by radiotelemetry, was significantly lower in KO vs. WT mice under basal conditions (mmHg): 112 Ϯ 5 (WT), 104 Ϯ 2 (KO), P ϭ 0.023. Chronic insulin infusion reduced heart rate in the WT, but not in the KO, and modestly reduced BP in the WT only. Overall, these results support a fundamental role for insulin through its classic receptor in the modulation of electrolyte homeostasis and BP. sodium; hypertension; principal cell; metabolic syndrome; benzamil HYPERINSULINEMIA is a common metabolic state associated with insulin (receptor) resistance of primarily metabolic tissues (43). Increases in pancreatic insulin release compensate for inefficient glucose clearance. Insulin resistance, at the receptor level, is not fully understood, but may involve aberrant postreceptor signaling or an overall change in the number of functional receptors due to various factors associated with the metabolic syndrome (48). Insulin receptor (IR) resistance is associated with increased blood pressure (BP); however, a mechanistic link between the two has not been well established (2, 3, 5, 8, 9, 26 -28, 35). Insulin's effects on BP appear to be very situation sensitive. Insulin infusion has been shown by ourselves (50) and others (10, 29) to increase BP significantly in the Sprague-Dawley rat. However, in mongrel dogs there appears to be a need for co-elevation of glucose along with insulin (33). One hypothesis is that high circulating insulin, to compensate for metabolic tissue resistance, could lead to increased sodium retention at the level of the kidney (12). It is not clear whether the kidney undergoes the same pattern of "insulin resistance" as other tissues more actively involved in metabolism, such as skeletal muscle and liver.
sodium; hypertension; principal cell; metabolic syndrome; benzamil HYPERINSULINEMIA is a common metabolic state associated with insulin (receptor) resistance of primarily metabolic tissues (43) . Increases in pancreatic insulin release compensate for inefficient glucose clearance. Insulin resistance, at the receptor level, is not fully understood, but may involve aberrant postreceptor signaling or an overall change in the number of functional receptors due to various factors associated with the metabolic syndrome (48) . Insulin receptor (IR) resistance is associated with increased blood pressure (BP); however, a mechanistic link between the two has not been well established (2, 3, 5, 8, 9, 26 -28, 35 ). Insulin's effects on BP appear to be very situation sensitive. Insulin infusion has been shown by ourselves (50) and others (10, 29) to increase BP significantly in the Sprague-Dawley rat. However, in mongrel dogs there appears to be a need for co-elevation of glucose along with insulin (33) . One hypothesis is that high circulating insulin, to compensate for metabolic tissue resistance, could lead to increased sodium retention at the level of the kidney (12) . It is not clear whether the kidney undergoes the same pattern of "insulin resistance" as other tissues more actively involved in metabolism, such as skeletal muscle and liver.
The effect of insulin directly on sodium transport and reabsorption is controversial. Some studies report that insulin is directly antinatriuretic and increases sodium uptake at a variety of sites along the renal tubule, including the collecting duct (CD) and/or distal tubule (16, 20) . Other studies do not show this effect. One study reported that epidermal growth factor, but not insulin or insulin-like growth factor, was antinatriuretic using patch clamp of rabbit cortical collecting tubule (58) . Another study showed that in the hyperinsulinemic-euglycemic clamp model, if you controlled potassium, insulin was not antinatriuretic (44) . Nonetheless, hyperinsulinemia potentially could increase inappropriate sodium retention at the level of the CD if circulating levels are high enough.
Some studies show that insulin activates specific sodium transporters and channels, including the epithelial sodium channel, ENaC (6, 7, 41, 47, 56, 60, 61) . We have shown increased CD apical localization of ENaC subunits in both mice and rats treated with insulin both acutely and chronically (50, 56) . We've also shown that insulin results in antinatriuresis in mice, which was inhibitable by the ENaC antagonist, benzamil (56) . However, another recent study (23) did not show activation of ENaC by physiological levels of insulin in the split-open rat cortical collecting duct tubule, but that Na-K-ATPase and K ϩ channels were activated. This might provide a driving force for increased sodium reabsorption in this tubule segment.
IR are also coupled to intracellular signaling linked to nitric oxide (NO) generation via phosphorylation of Akt (a serinethreonine kinase, also known as protein kinase B) and endothelial nitric oxide synthase (eNOS). These pathways might protect against rises in BP at the level of the kidney when circulating levels of insulin are high. In support of this, recently we showed that knockout of the IR from portions of the renal tubule including primarily the thick ascending limb (TAL) through the CD by use of a Ksp-cadherin promoter-targeted Cre-recombinase resulted in mice with impaired ability to excrete a NaCl load, 50% reduced urinary NO excretion, and elevated BP (57) . This was somewhat surprising given our understanding of the role of insulin in the distal tubule to be antinatriuretic. Therefore, in the present study, we tested whether a knockout targeted specifically to the CD principal cell would result in a similar phenotype and how it affected specifically ENaC. To do this, we crossed our floxed IR mice with mice harboring Cre-recombinase driven by an aquaporin-2 (AQP2) promoter. We examined the role of the renal IR in CD on in vivo sodium handling, ENaC regulation, and BP in these mice. We also assessed the regulation of the thiazidesensitive Na-Cl cotransporter (NCC) in these mice as an example of a distal but non-CD-expressed protein. Recently NCC phosphorylation was shown to be increased by insulin (49) .
METHODS
Experimental animals. The animal protocols describing the procedures and breeding of mice in this communication were approved by the Institutional Animal Care and Use Committee (IACUC) of Georgetown University. Wild-type (WT) mice were generated by initially crossing male mice homozygous for floxed insulin receptor (IR) (11, 57) with female mice heterozygous for a transgene in which Cre-recombinase was 3= to an aquaporin-2 promoter sequence, as previously described (40) . This transgene has been shown to target Cre-recombinase expression to the CD principal cells and cells in the reproductive tract (1, 40, 54) . In a second cross, females doubly heterozygous for AQP2-Cre and floxed IR were mated again to homozygous IR-floxed males. In this cross, approximately one-fourth of the offspring were homozygous for floxed IR and heterozygous for AQP2-Cre and considered "KO". For subsequent generations, and for greater efficiency, KO females were mated to homozygous floxed IR males so that ϳ50% of the offspring were "WT" (homozygous for floxed IR, and negative for Cre) and 50% were "KO" (homozygous for floxed IR and heterozygous for Cre). These mice are on a mixed genetic background primarily 129/sv, but including C57Bl/6 and CBA (36, 46) . Although both male and female mice were studied, data reported are from male mice only for two main reasons: 1) knockout efficiency (difference in mRNA expression for IR between KO and WT) was lower in the females; and 2) female responses were different from male for many of the analyses, which added variability when comparing KO to WT. To test the cellular localization of active Cre-recombinase, KO females were also crossed with male mice homozygous for a transgene of the LacZ gene with a DNA stop sequence flanked by loxP sites (The Jackson Laboratory, Bar Harbor, ME; catalog no. 002073 B6;129-Gtrosa26tm1Sor, Soriano Line). Removal of the stop sequence by Cre recombinase allows for expression of ␤-galactosidase, which results in a blue color when substrate for the enzyme is available.
Genotyping and general characterization. Mice were ear-tagged and tail-snipped at weaning. DNA was prepared from the tail for genotyping by lysing overnight (55°C) with Viagen DirectPCR Lysis Reagent (Viagen Biotech, Los Angeles, CA) with added proteinase K (0.0002 g/ml). In the morning, the temperature was raised to 85°C to denature proteinase K and end the reaction. Lysed samples were stored at Ϫ20°C prior to PCR. Mice were genotyped for the AQP2-Cre transgene using standard PCR and the following primer set as previously described (1): forward 5=-CCT CTG CAG GAA CTG GTG CTG-3=; reverse 5=-GCG AAC ATC TTC AGG TTC TGC GG-3=. Blood glucose was determined from tail blood from semifasted (4 h) mice using a handheld glucometer (Truetest, True2go meter, NIPRO Diagnostics, Ft. Launderdale, FL). Mice were periodically housed in metabolic cages in order to perform natriuretic tests (described below) and collect urine for nitrates plus nitrites (UNOx) excretion.
In order to characterize the KO, some mice (ϳ4 mo old) were weighed and then anesthetized with pentobarbital sodium or ketamine/xylazine combination. After obtaining a sufficient plane of anesthesia, a laparotomy was performed and blood was drawn from the heart. Next, the right kidney was clamped, removed, weighed, and dissected into cortex (CTX), inner stripe of the outer medulla (ISOM), and inner medulla (IM) by use of sharp scissors and a razor blade. These regions were frozen for RT-PCR analyses (see below) or prepared fresh for Western blotting (see below). The left kidney was perfusion fixed via the heart (4% paraformaldehyde) for immunohistochemistry to assess expression of Cre-recombinase and IR. Details of the perfusion have been described previously (17) .
Natriuretic tests and urine assays. In subsets of 3-to 4-mo-old male mice (n ϭ 5-7 mice/group), the antinatriuretic effect of insulin was assessed. Mice were injected intraperitoneally with either 1) 600 l sterile water (vehicle); 2) insulin (Humulin-R, Eli Lily, Indianapolis, IN) at 0.5 U/kg·body wt in 600 l 10% D-glucose (metabolizable); 3) 10% D-glucose in 600 l water; or 4) 10% L-glucose (nonmetabolizable) in 600 l water. Mice were placed in metabolic cages (Hatteras Instruments, Cary NC), and urine was collected for 4 h. Drinking water, but no food, was supplied during this 4-h period. Second, the natriuretic responses to benzamil (BNZ, Sigma) and hydrochlorothiazide (HCTZ, Sigma) given intraperitoneally on separate occasions at 1.4 (BNZ) and 12 (HCTZ) mg/kg·body wt were used as indexes of relative ENaC and NCC activity, respectively (22, 38) . After the injections, urine was collected for 4 h, as above. Urinary sodium, potassium, and chloride were measured by an ion-selective electrode system (EL-ISE Electrolyte System, Beckman Instruments, Brea, CA). In addition, a 24-h urine collection was obtained to measure basal urine volume and UNOx.
Effects of high-or low-sodium diets. WT and KO male mice were fed either high-(4% NaCl, TD.92034, Harlan-Teklad, Indianapolis, IN) or low-Na ϩ (0.01-0.02% Na ϩ , 0.06 -0.07% Cl Ϫ , TD.90228, Harlan) diets for 1 wk (n ϭ 4 -7/genotype/diet). Twenty-four hour urine was collected on the 5th to 6th day, and mice were euthanized on the 7th day for collection of plasma. Urine and plasma Na ϩ , K ϩ , and Cl Ϫ levels were analyzed. Blood pressure and heart rate responses to chronic insulin infusion. Male WT and KO mice (n ϭ 6 -8/group) at approximately 4 -5 mo of age were anesthetized with ketamine plus xylazine and instrumented with radiotelemetry transmitters (Data Sciences, St. Paul, MN). After a 1-wk recovery, basal BP and heart rate were recorded for 2 days taking recordings every 10 min for 10 s. On the next day, mice were reanesthetized with isoflurane (3% flowing in O2) and subcutaneously implanted with osmotic minipumps (Alzet model 1007D; Durect, Cupertino, CA) preloaded with insulin (Humulin-R, Eli Lilly, Indianapolis, IN). Insulin was delivered at a rate of 50 U·kg·body wt Ϫ1 ·day Ϫ1 for 7 additional days. BP and heart rate were recorded continuously. Mice had ad libitum access to 20% glucose drinking water and 0.5% NaCl chow during the infusion.
Quantitative real-time RT-PCR. To determine IR expression, regions of the kidney were either homogenized with a saw-tooth generator or sonicated in Trizol (Invitrogen, Carlsbad, CA), and traces of genomic DNA were removed. Clean RNA samples were processed by iScript cDNA Synthesis Kit (Bio-Rad, Hercules, CA) to obtain cDNA samples. cDNAs for target genes were quantified by real-time amplifications in a StepOnePlus Real-Time PCR system (Applied Biosystems, Foster City, CA). SYBR Green (Quanta Biosciences, Gaithersburg, MD) was used for detection. IR primers used were forward 5=-GTG CTG CTC ATG TCC TAA GA-3= and reverse 5=-AAT GGT CTG TGC TCT TCG TG-3=. Expression of IR was computed relative to the expression levels of the housekeeping transcript 18S rRNA. Relative quantitation for IR was calculated after determination of the difference between CT of the IR gene and that of 18S rRNA in KO (⌬CT1 ϭ CTIR Ϫ CT18S) and WT mice (⌬CT0 ϭ CTIR Ϫ CT18S) using the 2 Ϫ⌬⌬CT formula, where ⌬⌬CT ϭ ⌬CT1 Ϫ ⌬CT0.
Immunohistochemistry. The left kidney was prepared for immunohistochemistry for either immunofluorescence or immunoperoxidasebased localization studies. In general, bisected kidneys were processed to paraffin, and 5-m sections were cut. For Cre-recombinase staining, heat-induced target retrieval was performed using citrate buffer pH 6 (DakoCytomation, Carpinteria, CA) to unmask antigenic sites. Endogenous peroxidase activity was removed by incubation with 3% H2O2 for 10 min. Tissues were incubated with the primary antibody (1:2,000), overnight at 4°C. The primary antibody was polyclonal rabbit (PRB-106C, Covance, Emeryville, CA). The secondary antibody was biotinylated goat anti-rabbit antibody (BA-1,000, Vector Labs, Burlingame, CA). 3-3=-Diaminobenzidine tetrachloride dihydrate (DAB) was applied for 2-4 min. A positive reaction for Cre-recombinase was identified as a dark brown nuclear stain. Pictures were taken with a Photometrics Cool Snap camera (Scanalytics, Fairfax, VA) mounted to a Nikon Eclipse E600 microscope.
For immunofluorescence of IR, 5-m sections were prepared from mice as previously described (59) . Heat-induced target retrieval was performed at pH 8.0. A triple-antibody incubation approach was used to achieve additional amplification of the signal as follows: 1) rabbit anti-IR-␤ (Santa Cruz Biotechnology, Santa Cruz, CA, sc-711) at 7 g/ml overnight; 2) goat anti-rabbit Alexa 488 at 1:100 for 2 h; and 3) donkey anti-goat Alexa 488 at 1:32 for 2 h. The 2nd and 3rd antibodies were custom prepared by coupling Alexa 488 to highly cross-absorbed goat anti-rabbit (Rockland Immunochemicals, Gilbertsville, PA) and donkey anti-goat (Jackson ImmunoResearch, West Grove, PA) using the custom coupling kit from Molecular Probes (Invitrogen). Imaging was accomplished on a Zeiss LSM 410 confocal microscope.
␤-Galactosidase reporter assay. To determine regions of the kidney with active Cre-recombinase, LacZ/AQP2-Cre doubly heterozygous mice were perfused transcardially with 1X phosphate-buffered saline (PBS) until clear of blood, followed by 20 ml of 2% glutaraldehyde. The kidneys were then removed and bisected transversely exposing the medulla and the cortex. The bisected sections were immediately stained for the product of ␤-galactosidase at 37°C for 1 h using a B-Gal staining kit (Mirus 2600). The sections were then photographed using a Zeiss dissecting scope and a Canon A590 camera with a fitted objective at 1.2ϫ and 5ϫ magnification.
Western blotting. CTX, ISOM, and IM tissue samples were processed separately, and Western blotting was performed as previously described (50) . Briefly, samples were prepared by homogenizing the tissues in a buffer containing protease inhibitors. After determining the protein concentrations, the homogenates were solubilized in Laemmli sample buffer. Quality of tissue sample preparation was assessed by staining loading gels with Coomassie-blue (Gelcode Blue, Pierce Endogen, Rockford, IL), and then examining the sharpness of the bands. To assess the alterations in the protein abundances IR-␤, ENaC subunits, and NCC, semiquantitative immunoblotting was performed. For immunoblotting, 10 -30 g of protein from each sample was loaded into individual lanes of minigels of 7, 10, or 12% polyacrylamide (precast, Bio-Rad). Blots were probed with our own rabbit peptide-derived polyclonal antibodies against NCC and the three subunits of ENaC (␣-, ␤-, and ␥-), as previously described (51) . We used a commercial rabbit polyclonal antibody against the ␤-subunit of IR (sc-711, Santa Cruz). Loading accuracy was evaluated by probing the lower portion of the nitrocellulose membranes with ␤-Actin monoclonal antibody (Sigma Chemical, St. Louis, MO) or GAPDH polyclonal (Sigma).
Statistical analysis. Quantitative data are expressed as means Ϯ SE. Differences between KO and WT mice were determined by unpaired t-test. P values Ͻ 0.05 were considered significant. Data were evaluated by Sigma Stat (Chicago, IL).
RESULTS

Characterization of the IR knockout.
Mice were sorted into genotypes (KO or WT) based on the presence (KO) or absence (WT) of a band at ϳ680 kb using standard PCR of tail DNA (Fig. 1A) . WT mice were homozygous for floxed IR, but did not carry the transgene, AQP2-Cre recombinase. Approxi- Fig. 1 . Cre-recombinase transgene identification, expression, and activity. A: genotyping of tail DNA revealed a band at 680 kb in mice heterozygous for Cre-recombinase driven by the AQP2-promoter. Wild-type (WT) mice had no band. Immunoperoxidase-based labeling of Cre-recombinase in the nucleus of the collecting duct principal cells in knockout (KO) mice (B) was absent in WT mice (C) (image magnification, 100ϫ). D: ␤-galactosidase activity resulted in a purple precipitant in LacZ reporter/AQP2-Cre double heterozygotes illustrating activity of Cre-recombinase to cleave lox P sites in collecting ducts. E: the purple precipitant was absent in littermates that did not inherit AQP2-Cre, but were heterozygous for LacZ reporter. mately 50% of mice were found to be of each genotype. Expression of Cre-recombinase was assessed in the mice by immunoperoxidase labeling and found to be in the nucleus of the collecting ducts in the KO (Fig. 1B) , but not in the WT mice (Fig. 1C) . We also crossed KO females with male mice homozygous for a LacZ reporter gene flanked by loxP sites. This was done in order to obtain visual confirmation of the activity of the Cre-recombinase to cleave loxP sites specifically in the collecting duct. Treatment of the kidney with ␤-galactosidase substrate revealed increased blue color in the inner medulla, extending into the outer medulla and cortex, of the KO mice indicating active Cre-recombinase activity in collecting ducts (CD), as would be expected for an AQP2-promoterdriven Cre-recombinase (Fig. 1D) . No blue color was seen in kidneys harvested from littermates containing the reporter construct but negative for AQP2-Cre-recombinase (Fig. 1E) .
Quantitative RT-PCR was used to assess IR mRNA expression in CTX, inner stripe of the outer medulla (ISOM), and inner medulla (IM) from KO and WT mice ( Fig. 2A) . IR mRNA expression was significantly lower in the KO animals in CTX, ISOM, and IM. Western blotting of regional homogenates from CTX and ISOM did not show any significant differences in band density for the ␤-subunit of IR by Western blotting (not shown). However, inner medullary IR-␤ was significantly reduced in band density (by about 40% on average) in the KO mice ( Fig. 2B, P Ͻ 0.05, unpaired t-test) . Furthermore, immunofluorescence of kidney IM showed reduced immunofluorescence for IR-␤ in collecting duct of KO vs. WT mice (Fig. 2C) , confirming blotting results.
General physiology and electrolyte homeostasis. There were no significant differences in body weight, kidney weight, blood glucose, or UNOx due to genotype under normal NaCl diet (Table 1) . However, when treated for 1 wk with low-sodium (LS) or high-sodium (HS) diets, we found some genotype differences in electrolyte homeostasis (Fig. 3) . While no significant differences between genotypes for urine volume were observed (ml·24 h Ϫ1 ·25 g body wt Ϫ1 : 0.85 Ϯ 0.11, 0.68 Ϯ 0.12, 1.8 Ϯ 0.3, 2.7 Ϯ 0.5 in WT-LS, KO-LS, WT-HS, and KO-HS, respectively), we found significantly reduced 24-h urine Na ϩ and K ϩ excretion in the KO mice under LS diet (Fig. 3A) . Plasma K ϩ was significantly higher in the KO mice under HS diet (Fig. 3B) . The Na ϩ to K ϩ ratio was lower in the KO mice in urine under LS diet, and in plasma under HS diet (Fig. 3C) . Na ϩ to Cl Ϫ ratio was lower in the KO mice in urine under LS and HS diet, and in plasma under LS diet (Fig. 3D ). In addition, 1 wk of LS diet resulted in a significant difference in weight change between the two genotypes (Ϫ0.36 Ϯ 0.22 vs. ϩ0.79 Ϯ 0.30 g in WT and KO, respectively, P ϭ 0.015), suggesting better tolerance of the LS diet in the KO, at least short-term. However, the opposite was seen with the HS diet where the KO lost weight (ϩ1.14 Ϯ 0.30 vs. Ϫ0.16 Ϯ 0.36 g, in WT and KO, respectively, P ϭ 0.025).
Natriuretic tests and ENaC activity. Insulin has been shown to be antinatriuretic in a variety of species (15, 19, 25) . To test whether knockout of the collecting duct principal cell insulin receptor would affect insulin's natriferic actions, we conducted several tests. In Fig. 4A , we show the absolute natriuretic response in a 4-h collection of urine in response to treatment of the mice with 600 l of solution as indicated. Water alone led to a brisk natriuresis in both genotypes of mice. Administration of any of the three hypertonic solutions, i.e., L-glucose (nonmetabolizable), D-glucose (metabolizable), or D-glucose plus insulin, intraperitoneally, led to a fall in Na ϩ excretion in both the KO and the WT, likely as the result of NaCl moving into the peritoneum at least transiently. However, a significant difference between genotypes was observed only for the insulin plus D-glucose treatment in which UNa ϩ was lower in the WT.
Because we were concerned that the other hypertonic solutions also resulted in absolute antinatriuresis, we evaluated the ratio of Na ϩ to the other major electrolytes in the urine from these samples (Fig. 4, B and C) . While the absolute excretion of Na ϩ , Cl Ϫ , and K ϩ were all at least marginally reduced by hypertonic solutions (not shown), compared with plain water, the ratio of their excretion varied. For example, we found that while the Na ϩ to K ϩ ratio was reduced in urine by all of the hypertonic solutions, there were no differences between genotypes (Fig. 4B) . In contrast, the urine Na ϩ to Cl Ϫ ratio was not markedly affected by tonicity, but it was significantly lower in the insulin ϩ D-glucose treated WT mice, compared with similarly treated KO. Overall, these results support greater insulin-mediated antinatriuresis in the WT.
We next tested the response to an ENaC antagonist, benzamil (BNZ, Fig. 5A ). BNZ alone resulted in a significantly greater natriuresis in the WT mice suggesting greater activity of ENaC even without administration of insulin. For KO mice, however, BNZ eliminated antinatriuresis. K ϩ excretion was not significantly altered between the genotypes in this test. In Fig. 5B , we show similar results using the antagonist to the thiazide-sensitive Na-Cl cotransporter (NCC) hydrochlorothiazide (HCTZ), which is not expressed in CD. There was no effect of the KO on the natriuretic or kaliuretic responses to HCTZ. Insulin along with HCTZ resulted in a significant antinatriuresis in the WT but not the KO mice compared with HCTZ alone.
ENaC subunit and NCC protein. We next tested whether the decreased activity of ENaC in the KO mice corresponded to differences in whole cell ENaC subunit protein levels. Representative Western blots of kidney cortex homogenates from mice under basal conditions are shown in Fig. 6A . A data summary is provided in Fig. 6B . Western blotting revealed no significant differences in density of the 90-kDa band between groups for ␣-ENaC; however, band density for ␤-ENaC was modestly, but significantly reduced in the KO mice (ϳ15% reduced). ␥-ENaC on Western blots runs as a major band at ϳ85 kDa and a lower smudgy band region, possibly due to activating cleavage, at ϳ70 kDa. No significant differences between groups were found for either band, although there was a trend for the 70-kDa band to be reduced in the KO mice (P ϭ 0.082). This band is increased with aldosterone infusion or low-NaCl diets and likely indicates a more activated state of this subunit (34) . NCC was run on a 7.5% gel, which produces a broad glycosylated band at 165 kDa and a second band (probably an immature form of the protein) at less than 120 kDa, as previously shown with an antibody against the same peptide sequence as our own (21) . No differences were found between genotypes for this protein. Fig. 3 . Effects of high-sodium (HS) and low-sodium (LS) diets. KO and WT mice (n ϭ 4 -7/genotype/treatment) were fed LS or HS diet for 1 wk, after which urine was collected in metabolic cages for 24 h and mice were euthanized for blood collection. A: 24-h absolute urine excretion of Na ϩ , K ϩ , and Cl Ϫ under LS and HS diets. B: plasma electrolyte concentrations under LS and HS diets. C: ratio of Na ϩ to K ϩ in urine and plasma. D: ratio of Na ϩ to Cl Ϫ in urine and plasma. *Significant difference between genotypes by unpaired t-test, P Ͻ 0.05.
Blood pressure. Blood pressure and heart rate were recorded by radiotelemetry in the basal state (with standard 0.5% NaCl diet); followed by insulin infusion for 7 days (Fig. 7) . Unpaired t-test revealed that KO mice had significantly lower MAP in the basal period, i.e., days Ϫ1 and Ϫ2 (preinfusion). Bar graph summary of select days is shown in Fig. 7B . Chronic insulin infusion did not markedly affect MAP in either genotype as we have previously observed (unpublished); however, there was a strong trend (P ϭ 0.081) for insulin infusion to result in a significant difference between KO and WT in delta MAP from baseline at day 6 (Fig. 7B) . This trend was for MAP to fall in WT, but not in KO mice.
Heart rate. Absolute heart rate is shown in Fig. 8A in the basal period and after 1 and 6 days of insulin infusion. Insulin resulted in a significant difference in HR in the WT between day Ϫ1 and day 6 (indicated by a ). This fall was blunted in the KO, and the difference was not significant (P ϭ 0.28). Likewise the change in heart rate from basal readings (Fig. 8B ) approached significance when comparing WT to KO mice (P ϭ 0.057).
DISCUSSION
Insulin's actions in metabolic tissues such as the liver and skeletal muscle are widely known and largely involve energy homeostasis (14, 32) . These effects are primarily mediated through the classic insulin receptor, IR (14) . Nevertheless, insulin can also bind to insulin-like growth factor receptors (IGF-R), and insulin-receptor-like-receptor in kidney (4, 13, 39) , albeit with significantly reduced affinity (53) . Some of the actions of insulin to increase sodium uptake into cells, including in the collecting duct (CD) principal cell, has been attributed to insulin acting at these other receptors (24, 52) . Therefore, our main aim in this study was to gauge the impact of knocking out the classic IR selectively from the principal cells of the CD, cells that express aquaporin-2, by use of promoterdriven targeting. These cells are also the major site of expression of the epithelial sodium channel (ENaC), responsible for fine-tuning of sodium balance in the distal tubule. Our current studies showed that knocking out IR from CD principal cells did not have a major impact on the comprehensive phenotype WT and KO mice (n ϭ 5/group) were treated with 600 l water, insulin (I) ϩ D-glucose (Glc), D-Glc alone, or L-Glc alone, and urine was collected in metabolic cages for 4 h and measured for Na ϩ , K ϩ , and Cl Ϫ . All mice received each treatment, and treatments were separated by at least 3 days. B: Na ϩ -to-K ϩ ratio in urine. C: Na ϩ -to-Cl Ϫ ratio in urine. *Significant difference between genotypes by unpaired t-test, P Ͻ 0.05. of the mice. Mice were of similar size and kidneys appeared normal; however there were some significant changes in electrolyte homeostasis, as well as a reduction in both the antinatriuretic response to insulin, and the natriuretic response to benzamil, an ENaC antagonist. These mice also had 5-to 10-mmHg lower blood pressure (BP) in the basal state in the absence of insulin infusion. When insulin was infused into WT and KO mice, BP fell slightly in the WT mice, and attenuated genotype differences. This fall in BP in the WT mice was accompanied by a fall in HR, which was not significant in the KO mice. We will discuss these findings in greater detail in the remainder of DISCUSSION. Our measures of urine and plasma electrolytes (Na ϩ , K ϩ , Cl Ϫ ) in mice fed either low-or high-Naϩ diets revealed slight, but significant, differences in homeostasis. Surprisingly, under the LS diet, KO mice seemed to conserve limited Na ϩ to a greater extent than the WT, as evident by no weight loss and reduced urine absolute Na ϩ excretion, Na ϩ -to-K ϩ , and Na ϩ -to-Cl Ϫ ratios compared with the WT mice. Why the KO mice actually appeared to do better is not known. Interestingly the plasma Na ϩ -to-Cl Ϫ ratio was also lower in the KO mice under the LS diet, while plasma K ϩ tended to run a little higher. Potential causes might include reduced extracellular fluid volume/and or glomerular filtration rate in the KO, as well as possibly impaired acid-base regulation (18) . Future studies are required to fully elucidate the phenotype.
In contrast, on the HS diet, the KO mice did not seem to fare as well as the WT. The KO mice lost weight and had elevated plasma K ϩ . Moreover, similar to LS diet, KO mice had reduced Na ϩ -to-Cl Ϫ ratio in the urine. The separation of the regulation of Na ϩ from Cl Ϫ is intriguing and may indicate alterations in the anion gap due to impaired CD function. While Na ϩ is reabsorbed via ENaC on the CD principal cells, Cl Ϫ is reabsorbed via the intercalated cells (42) . In the case of this particular KO, intercalated cells would have IR. It is unclear whether this plays a role in the altered Na ϩ -to-Cl . B: band density summary (n ϭ 6 mice/group for ENaC, n ϭ 4/group for NCC) normalized to ␤-actin. *Significant difference between genotypes by unpaired t-test, P Ͻ 0.05.
We next assessed the antinatriuretic response to insulin in these mice. Insulin caused a 40 -80% reduction in urine sodium in both genotypes in the 4 h following insulin, compared with vehicle (water) administration (Fig. 4A) . This was in agreement with what we have previously observed in WT mice (56) . However, it is important to point out a limitation in this particular approach (intraperitoneal administration) in that all hypertonic solutions were antinatriuretic, likely by redistributing fluid into the peritoneum. This approach also showed that the more nonmetabolizable a substance was, the more antinatriuretic it was, with L-glucose being the strongest, followed by D-glucose without insulin, then by D-glucose with insulin. In the 4 h following the administration, some but not all of the fluid may have dissipated from the peritoneum, without metabolizable D-glucose plus insulin, likely entering cells and the blood stream more rapidly. However, only in the insulin plus glucose treatment did we find a significant difference between genotypes.
Overall, our data support differences in ENaC activity as a putative mechanism for this difference, because the natriuretic response to benzamil (BNZ) was also significantly blunted in the KO mice (Fig. 5A ). All-in-all, this suggests that a reduction in IR expression in the CD might result in a chronic remodeling of the CD with less capacity to activate ENaC. Our data do not support large changes in the overall lower protein levels of ENaC subunits in these mice; however ␤-ENaC abundance was slightly, but significantly lower. The physiological impact of this reduction is not clear. Because ENaC is thought to be primarily regulated by insulin via phosphorylation cascades, this is not surprising. However, it is possible that chronic destimulation of these pathways might have affected overall abundance via control of either synthetic or degradative events.
We also tested the effects of the ENaC and NCC antagonists in the KO and WT mice. WT mice had a fall of about 50% in urine sodium when pretreated with BNZ. This might result from incomplete blockade of insulin's actions on ENaC by BNZ, or from insulin working at another cellular site to affect antinatriuresis. Insulin co-stimulation along with BNZ also led to a slight reduction in the natriuresis in the KO mice, but the effect was not as dramatic, at least compared with their own baseline.
The reduction in basal activity of ENaC may have accounted for the modestly reduced BP in the KO vs. WT mice. However, it is also possible that it is another collecting duct principal cell factor, e.g., reduced Na-K-ATPase activity, that affects baseline BP in these mice (23) . It is reasonable to predict that insulin acts as a tonic facilitator of sodium reabsorption via ENaC, especially after meals, to allow for efficient retrieval of filtered sodium. This might lead to a modest, and likely transient, expansion of extracellular fluid volume and rise in BP. It is noteworthy that dieting to elicit weight loss is often accompanied by a fall in BP. A meta-analysis by Mulrow and colleagues (37) demonstrated that dieting to induce weight loss resulted in on average a 3-9% loss in body weight and a 3-mmHg fall in BP in human subjects. Moreover, chronic insulin replacement to type I diabetic dogs was recently shown to attenuate natriuresis (33) . Future studies will be needed to determine whether changes in BP are amplified by a low-NaCl diet.
If insulin activates ENaC, and ENaC activity is associated with a rise in BP, then why does not BP increase with insulin infusion at least in the WT animals? In fact, over the course of the week, we actually found a slight fall in BP primarily in the WT animals. It seems for insulin to elevate BP additional factors must coexist that prevent compensation for putative sodium retention. One of these factors might be the ability to efficiently produce nitric oxide (NO). IR signaling is linked to the activation of nitric oxide synthase (NOS), especially the eNOS isoform, via phosphorylation (30) . We have demonstrated that acute administration of insulin to mice leads to increased urinary excretion of nitrates plus nitrites (UNOx) (57) . Moreover, we showed a correlation between BP change and eNOS protein levels in two model systems. Chronic insulin infusion (1 mo) to mice led to a fourfold increase in endothelial nitric oxide synthase expression (eNOS), but no rise in BP (55) . However, Sprague-Dawley rats infused for 28 days with insulin had a significant decrease in eNOS protein levels and increased BP (50) . Additional studies will need to be performed to determine whether there is a definitive cause-andeffect relationship between NO-generating ability and BP in response to insulin.
In the current report, UNOx was measured in 24-h urine collections under basal conditions, and found to be borderline (P ϭ 0.16) increased in the KO mice. This also correlates with their reduced BP. The cellular source of the NO is not clear, but both CD and thick ascending limb (TAL) are likely candidates. In contrast, our studies conducted in another line of renal tubule IR KO mice in which the IR was deleted using a Ksp-cadherin promoter showed significantly reduced 24-h UNOx excretion and a reduction in acute, insulin-stimulated UNOx (57) . In those mice, IR was deleted from a larger portion of the renal tubule including partial deletion in the proximal tubule, the TAL through the distal tubule. Apparently deleting Fig. 8 . Heart rate (HR) with chronic insulin infusion. A: absolute HR in the mice (n ϭ 8 mice/group) on day Ϫ1, ϩ1, and ϩ6 (post-insulin infusion). B: delta HR from baseline (day Ϫ1, and day ϩ6). Significant (P Ͻ 0.05) difference between day Ϫ1 and day 6 for WT mice, by unpaired t-test.
IR from the CD-principal cell alone does not cause the same phenotype with regard to NO homeostasis, nor the elevation in BP seen in the Ksp-cadherin IR KO mice (57) .
We examined the regulation of the thiazide-sensitive Na-Cl cotransporter (NCC) to determine whether another post-macula densa apical sodium entry port, which has been reported to be upregulated by insulin (49) , was differentially affected in these mice. Furthermore, NCC is potently upregulated in activity and abundance by the renin-angiotensin-aldosterone system (RAAS) (31, 45) . It is not implausible that volume contraction in the KO mice, if severe enough, would upregulate NCC as a compensatory mechanism. We did not find good evidence to suggest any difference in NCC regulation between the genotypes. Therefore, overall these studies suggest a role for insulin through the classic IR in the regulation of ENaC activity, and sodium homeostasis in the basal state. We suggest this may have a homeostatic role in the efficient retrieval of ingested sodium from the filtrate after meals, for example. In our KO mice, BP was slightly, but significantly lower in the KO mice and not affected by insulin infusion. This suggests that this modest reduction in ENaC activity may be associated with slight volume contraction; however, additional studies would be needed to determine cause-and-effect of these relationships. Furthermore, the fact that insulin infusion did not raise BP in the WT mice also supports the view that insulin, even if it activates ENaC, does not result in marked hypertension on its own. The balance between vasodilatory actions and sodium retaining actions of insulin likely are important especially in healthy lean subjects, such as our young mice.
